Ribonucleoprotein complexes, which contain mRNAs and their regulator proteins, carry out post-transcriptional control of gene expression. The function of many RNA-binding proteins depends on their association with cofactors. Here, we use a genomic approach to identify transcripts associated with DLC-1, a protein previously identified as a cofactor of two unrelated RNAbinding proteins that act in the Caenorhabditis elegans germline. Among the 2732 potential DLC-1 targets, most are germline mRNAs associated with oogenesis. Removal of DLC-1 affects expression of its targets expressed in the oocytes, meg-1 and meg-3. We propose that DLC-1 acts as a cofactor for multiple ribonucleoprotein complexes, including the ones regulating gene expression during oogenesis.
Post-transcriptional mRNA regulation is crucial for gene expression control [1] . RNA-binding proteins (RBPs) carry out this regulation by forming complexes with messenger RNAs (mRNAs), and each RBP associates with multiple mRNA species. The mRNAs associated with a specific RBP are thought to be coordinately regulated to govern a specific biological function and form a 'post-transcriptional RNA operon' [2] [3] [4] . The development of the Caenorhabditis elegans germline is a prime example of a process extensively regulated at the post-transcriptional level [5] . Caenorhabditis elegans germ cells follow a defined developmental pathway aimed at the production of gametes [6] . Stem cell proliferation and self-renewal takes place at the distal region of the gonad supported by activation of GLP-1/Notch signaling [7] . At the post-transcriptional level, stem and progenitor cell proliferation is supported by PUF-domain RBPs FBF-1, FBF-2, and PUF-8 [8] [9] [10] [11] . As germ cells exit the proliferative zone, they enter meiosis. This switch from proliferation to differentiation is mediated by the activities of diverse post-transcriptional regulators including a KH/STAR domain RBP GLD-1 and cytoplasmic poly(A) polymerase GLD-2 [12] [13] [14] .
After completion of the pachytene stage of meiosis, the germ cells undergo sex-specific differentiation to produce mature gametes. Formation of oocytes in the hermaphrodite germline depends on the activity of GLD-2 in complex with the RRM-motif RBP RNP-8 [15, 16] and the translational repressor TRIM-NHL RNA-binding protein LIN-41 [17] [18] [19] . During differentiation, the oocytes accumulate a number of proteins required for embryogenesis. One such protein family is a set of MEG intrinsically disordered proteins regulating RNA/protein condensate formation in embryos [20] [21] [22] . Finally, oocyte maturation requires the activity of redundant TIS11 zinc-finger RBPs OMA-1 and OMA-2 [23] . High-throughput approaches have characterized the targets of many RNA regulators mentioned above including FBF-1 and FBF-2 [24] , PUF-8 [25] , GLD-1 [26, 27] , RNP-8 and GLD-2 [16] , LIN-41 [19] , and OMA-1 [28] .
One widespread mechanism regulating the activity of RNA-binding proteins is their association with coAbbreviations IP, immunoprecipitation; RBP, RNA-binding protein; RIP, RNA immunoprecipitation; RNP, ribonucleoprotein complex. regulators or cofactors. Previous research in our laboratory found that the activities of two C. elegans germline RBPs, FBF-2, and GLD-1, are promoted by association with a small protein, DLC-1 ( [29] ; Ellenbecker et al., unpublished). DLC-1 is an LC8-family protein that was originally identified as a component of the dynein motor complex [30, 31] . Recent studies suggested that in addition to the dynein motor complex, LC8 proteins contribute to a large number of protein complexes, and function as general cofactors facilitating numerous cellular functions [32] . Supporting this model, we found that the cooperation between DLC-1 and both FBF-2 and GLD-1 is independent of the dynein motor activity. FBF-2 and GLD-1 are dissimilar proteins with opposing biological functions. The fact that DLC-1 cooperates with both, as well as the widespread expression of DLC-1, led us to hypothesize that DLC-1 may facilitate the function of additional RNA-binding proteins.
Here, we performed immunoprecipitation followed by RNA sequencing to determine the transcripts found in association with DLC-1. We found a large number of functionally diverse transcripts associated with DLC-1, supporting broad input by DLC-1 in posttranscriptional regulation. Although DLC-1 might bind RNA directly [33, 34] , we expect that the majority of transcripts were recovered through indirect association of DLC-1 with RNA-binding proteins. A large number of DLC-1-associated transcripts contribute to oogenesis, a process disrupted in dlc-1 mutants. We report that two oocyte genes, meg-1 and meg-3, depend on DLC-1 for regulation of their expression in the germline and maturing oocytes, which suggests that DLC-1 contributes to regulation of gene expression at this developmental stage.
Materials and methods

Nematode strains and culture
Caenorhabditis elegans strains (Table 1) were cultured as per standard protocols [35] at 20°C or 24°C (if expressing GFP-tagged genes). The 3xFLAG::dlc-1(mntSi13); dlc-1 (tm3153) rescued strain UMT290 was generated by first crossing UMT281 with him-8(tm611) and then with dlc-1 (tm3153)/qC1 III. The UMT376 strain expressing both 3xFLAG::DLC-1 and OMA-1::GFP was generated by crossing UMT281 and TX189.
RNA interference assays
The RNAi was performed by feeding synchronized L1 larvae with HT115(DE3) Escherichia coli transformed with the relevant plasmids for 3 days at 24°C as described before [36] . The identity of all plasmids used for RNAi was confirmed by sequencing.
Immunostaining and imaging
The fixation and immunostaining procedure has been previously described in [29] . Prior to application of primary anti-FLAG antibody, dissected gonads were preblocked with PBS/0.1%BSA/0.1%Tween-20/10% normal goat serum (PBS-T/NGS) for 1 hour at room temp. Descriptions of the antibodies and relevant dilutions are listed in Supplemental Table S1 . Gonads were incubated in primary antibody solution overnight at 4°C followed by 3 washes with PBS-T and then with secondary antibody for 2 hours at room temperature and washed three times with PBS-T. Coverslips were mounted to immunostained gonads with Vectashield with DAPI (Vector Labs, Burlingame, CA, USA). Epifluorescence images were captured using a Leica DFC3000G camera attached to a Leica DM5500B microscope using LAS-X software (Leica, Buffalo Grove, IL, USA). Confocal images were obtained using a Zeiss LSM 880 confocal microscope. Image processing including assembly of full-length germlines from several fields of view was performed in Adobe Photoshop CS3. 
GST pulldowns
Full-length proteins were amplified from Bristol N2 cDNA and cloned into pDEST17 (Thermo Fisher Scientific) to generate 6xHis-tagged proteins. GST-tagged full-length DLC-1 has been previously described [29] . All constructs were sequenced and transformed into E. coli strain BL21 (DE3) for expression. Expression of 6xHis-tagged proteins was induced with 0.1 mM IPTG at 15°C for 16-18 h. Expression of GST-tagged DLC-1 was induced with 1 mM IPTG at 37°C for 4 h. The GST pulldown assay was performed as described in [29] .
Western blots
Western blots were used to evaluate nematode gene expression, immunoprecipitation of 3xFLAG::DLC-1, and to determine the outcome of GST::DLC-1 pulldowns, as previously described [29] . Detailed information for the antibodies is in Table S1 . Blots were developed using Luminata Western HRP reagent (EMD Millipore, Burlington, MA, USA) and imaged using ChemiDoc MP Imaging System (Bio-Rad, Hercules, CA, USA).
RNA sequencing and bioinformatics
Library preparation and sequencing of the total and immunoprecipitated RNA was performed at the Washington State University Spokane Genomics Core. Total RNA was oligo-dT primed to generate the input libraries while immunoprecipitated RNA was processed without enrichment. Total RNA and IP RNA (five replicates each) libraries were pooled together to run on two Illumina HiSeq2500 lanes for a total of 439.61 million reads with a length of 100 bp. Reads were almost equally distributed among these samples, 93.4% reads have a quality score higher than Q30. RNA-seq data are deposited in NCBI Gene Expression Omnibus database (GSE115281).
Details of RNA-seq data analysis are in Appendix S1. Briefly, sequenced reads were trimmed with Trim Galore! [38] to remove Illumina adapter sequences (v 0.4.2) and filtered for rRNA sequences using BOWTIE2 (2.3.0) [39] . Reads that did not map to the rRNA sequences were then applied to the workflow adapted from a previous report [19] . The reads were mapped to WBcel235/ce11 genome using RNA Star (v 2.5.2b-0) [40] . Normalization and enrichment calculations for the RIP experiments were performed using DESeq2 (version 1.12.3) [41] . Genes were considered enriched when they had a log 2 fold change > 1 and Padj < 0.01. Genes that did not correspond to the annotated features of the current reference genome were removed from the list of enriched genes. The finalized list of 2732 genes enriched in the 3xFLAG::DLC-1 RIP is reported in Appendix S2.
For 3 0 UTR motif analysis, all available 3 0 UTRs for the genes enriched in the 3xFLAG::DLC-1 RIP were obtained through Wormbase (http://parasite.wormbase.org/bioma rt/martview/) and analyzed using Discriminative Regular Expression Motif Analysis (DREME) tool available on MEMEsuite.org [42] . A library of 3 0 UTRs for all other genes not enriched in 3xFLAG::DLC-1 RIP was used as a control to evaluate the number of motif occurrences using the Find Individual Motif Occurrences (FIMO) tool available on MEMEsuite.org [43] .
Results
RIPseq of FLAG::DLC-1 from the intact animal
Using a single-copy insertion technique, we generated a transgene encoding 3x-FLAG-tagged DLC-1 under the control of its endogenous promoter and 3 0 UTR [29] . This transgene was used to complement the dlc-1 (tm3153) deletion, which renders the mutant animals sterile (at 24°C) or causes maternal-effect embryonic lethality (at 15°C). The 3xFLAG::DLC-1 transgene largely rescued dlc-1 deletion hermaphrodite fertility and embryonic viability at 24°C (99% embryonic viability, N = 797; 100% fertility, N = 794). We concluded that the transgenic 3xFLAG-tagged DLC-1 is fully functional in vivo. 3xFLAG-tagged DLC-1 was expressed throughout the germline, from the distal stem cells and progenitors to the oocytes [29] , consistent with the previously reported endogenous expression pattern [44] . To test whether 3xFLAG::DLC-1 was also expressed in somatic tissues, we disrupted germline tissue formation in 3xFLAG::DLC-1 animal by double RNAi against sygl-1 and lst-1 [45] . Loss of germ cells was confirmed by a decrease in the levels of germline-specific protein FBF-1 (Fig. 1A) . Western blotting detected expression of 3xFLAG::DLC-1 in sterile worms following double sygl-1/lst-1(RNAi), suggesting that 3xFLAG::DLC-1 is also abundant in somatic tissues (Fig. 1A) , consistent with a previous report [46] .
We expect that the transgenic 3xFLAG::DLC-1 is able to enter all relevant protein complexes, including complexes with RNA-binding proteins, and allow for isolation of target mRNAs. For 3xFLAG::DLC-1 immunoprecipitation, we used the rescued strain where the transgene is the sole source of DLC-1. We immunoprecipitated 3xFLAG::DLC-1 from replicate lysates of young adult nematodes (24 h post-L4 stage; Fig. 1B ). The immunoprecipitation of 3xFLAG::DLC-1 was specific, and not observed in the control with nonspecific IgGs. The anti-FLAG antibodies were also selective as no immunoprecipitation of tubulin was observed (Fig. 1B) . In agreement with our hypothesis, we detected RNA in the 3xFLAG::DLC-1 immunoprecipitate (108-432 ng/300 mg input tissue), but not in the nonspecific IgG immunoprecipitate.
Total RNA associated with DLC-1-containing RNPs was purified and sequenced in five independent biological replicates. In parallel, we sequenced the mRNAs in five replicates of the corresponding input lysates after enriching them with oligo(dT) selection. We did not sequence the material isolated with nonimmune IgG since an undetectable amount of isolated RNA was expected to result in amplification artifacts during sequencing library preparation. We mapped the sequencing reads from all replicates to the WBcel235/ce11 version of the C. elegans genome and excluded the reads mapping to the ribosomal RNA genes from further analysis. We used principal component analysis (PCA) to evaluate the variability of our replicates. The PCA analysis indicated that the 3xFLAG::DLC-1 IP replicates tightly clustered together ( Fig. 2A) suggesting their similarity and reproducibility. The input samples were clearly segregated from the immunoprecipitated mRNAs ( Fig. 2A) . We observed only a weak correlation between average fragment abundance of transcripts in 3xFLAG::DLC-1 IP and in the input RNAseq (R 20 .4) suggesting that the procedure did not simply return the most abundant mRNAs in the samples (Fig. 2B) .
To identify transcripts enriched in the DLC-1 immunoprecipitations, we used DESeq2 to calculate log 2 fold change [41] of the RNAs in the DLC-1 eluates relative to their abundance in the oligo(dT)-enriched inputs. While RNAs in DLC-1-containing RNPs appeared enriched several fold, the majority of RNAs in the lysate were moderately depleted compared to the IP sample (Fig. 2C) . We identified 2732 RNAs exhibiting a statistically significant (adjusted P < 0.01) enrichment of twofold or greater in the DLC-1 immunoprecipitation (highlighted in red in Fig. 2C ; Appendix S2). This number of transcripts is 2.3-fold greater than typically recovered by isolation of a single RBP. These transcripts included 2206 protein-coding mRNAs, 346 long noncoding RNAs (lincRNAs, ncRNAs, antisense RNAs), and 87 small noncoding RNAs including snoRNAs and snRNAs (Table 2) . We concluded that DLC-1 predominantly associates with mRNA-containing RNPs, and the noncoding RNAs might appear enriched in DLC-1 IP since the RNAs were not oligo(dT) selected for library preparation. The mRNAs in DLC-1-containing complexes included mes-3, cye-1, and gld-1 (previously characterized targets of FBF-2 and GLD-1 that depend on DLC-1 for their regulation [29] , Ellenbecker et al., unpublished), but not puf-5 or spn-4 (GLD-1 targets that were not affected by dlc-1 loss; Fig. 2C ). We Comparison of DLC-1-associated genes against genes associated with a specific spermatogenic or oogenic program as defined in [47] . Genes termed 'Somatic or Ubiquitous' did not fall under the other three specified categories. (E) Gene ontology analysis reveals that DLC-1 associated genes are involved in reproduction, development, and neurogenesis. The categories associated with germline expression (reproduction, development) are colored green, while neurogenesis associated with somatic expression is colored red. Analysis was performed using the Gene Enrichment Analysis (GEA) tool available on https://wormbase.org/tools/enrichment/tea/tea.cgi [49] . Fold change is expressed as the ratio of the enriched genes observed for the category over the number of genes expected to be recovered.
conclude that the mRNAs identified in the DLC-1-containing RNPs (DLC-1-associated mRNAs) are likely relevant to DLC-1 biological activity. Many DLC-1-associated transcripts (1756 of 2732 transcripts; Table 3 ) belong to the general oogenic mRNA program as defined in [47] . This overlap was statistically significant by the hypergeometric distribution test (P < 1E
À90
). DLC-1-associated mRNAs were depleted of spermatogenesis transcripts, reflecting preparation of IP samples from young adult (oogenic) hermaphrodites (Table 3) . We also compared overlap of our transcripts with a different dataset of transcripts that increase in abundance over twofold in the oogenic germlines as compared to spermatogenesis [48] and similarly recovered a significant overlap (321 of 2732; P < 1E
À53
; Table 3 ). Based on analysis of overlap with the two distinct datasets, a large number of DLC-1-associated mRNAs are related to oogenesis. Despite the enrichment of germline transcripts, many somatic or ubiquitous mRNAs were also present (828 of 2732; Fig. 2D ) in agreement with DLC-1 expression in somatic tissues. Analysis of the DLC-1 targets by Gene Ontology functional annotation clustering [49] identified the expected enrichment of transcripts associated with development and reproduction (Fig. 2E) . Some enriched transcripts were related to neurogenesis (Fig. 2E) , a process similarly associated with extensive post-transcriptional regulation and RNA transport [50] [51] [52] . We concluded that despite broad expression of 3xFLAG::DLC-1, it enters into mRNP complexes predominantly in the germline and neuronal tissues.
Binding motifs in the 3
0 UTRs of mRNAs isolated with DLC-1
To test whether the mRNAs isolated with DLC-1 contain RBP binding motifs, we searched for sequences enriched in the 3 0 UTRs of this gene set. Using DREME [42] , we identified the enriched motifs in the 3 0 UTR set compared to shuffled sequences ( Fig. 3A-C ; Appendix S3). Based on previously discovered DLC-1 association with FBF-2, we expected to recover motifs consistent with the presence of FBF targets. Indeed, within the 10 most significant recovered motifs, we found two motifs similar to those recognized by PUF family RNA-binding proteins that include FBF-2 ( Fig. 3B, C ; [24, 53] ). The top-scoring motif is a lowaffinity OMA-1-binding site (UA[a/u]-rich repeats, Fig. 3A ; [54] ); the remaining high ranking motifs were not among the previously characterized targets of C. elegans RBPs. Since the DREME analysis estimates motif enrichment in comparison to shuffled 3 0 UTR sequences, it might return motifs that are highly represented across C. elegans 3 0 UTRs. To evaluate this possibility, we compared the prevalence of the motifs uncovered in the 3 0 UTRs of RIPseq mRNA set to their frequency across the 3 0 UTRs of the transcripts not associated with DLC-1. We find that all motifs were significantly enriched in the DLC-1-associated 3 0 UTR set with P-values calculated by chi-square test smaller than 10 À4 (Fig. 3D) .
Identification of candidate DLC-1-containing RNPs through overlap in mRNAs
If DLC-1 is an integral component of regulatory RNPs, we expect to recover a significant overlap between mRNAs recovered in the DLC-1 IP and the documented targets of regulatory RNA-binding proteins. Initially, we compared DLC-1-associated mRNAs to those recovered in complex with FBF-2 [24] and GLD-1 [27] . We found that the set of DLC-1-associated mRNAs significantly overlapped with both FBF-2 targets (412 overlapped genes; hypergeometric distribution P < 10
À60
) and GLD-1 targets (44 overlapped genes; hypergeometric distribution P < 10 À3 ; Table 4 ) in agreement with the known molecular and genetic interaction of DLC-1 with these RBPs ( [29] , Ellenbecker et al., unpublished). We concluded that overlap comparison has the potential to identify the mRNAs regulated with involvement of DLC-1.
We then compared the mRNAs isolated with DLC-1 to the previously published targets of several germline RNA-binding proteins including FBF-1 [24] , GLD-2 [16] , RNP-8 [16] , LIN-41 [19] , OMA-1 [28] , FOG-3 and FOG-1 [47] , and PUF-8 [25] . We observed significant (hypergeometric distribution P < 0.05) overlap of DLC-1-associated mRNAs with the targets of FBF-1 (P < 10 À59 ), GLD-2 (P < 10 À7 ), LIN-41 (P < 0.01), and OMA-1 (P = 0.02; Table 4 ). The significant overlap with FBF-1 targets was expected since the targets of FBF-1 and FBF-2 are highly similar [24] .
DLC-1 contributes to several mechanisms of germline translational control
As we hypothesized that DLC-1 has the potential to contribute to the regulatory activity of multiple germline RNA-binding proteins, we sought to test if DLC-1 might affect the expression of its other associated mRNA targets, beyond the previously identified targets of FBF-2 and GLD-1. We focused on a set of MEG proteins that are only expressed in the oocytes and early embryos. We chose meg-3 since its regulation has not been previously studied, and used meg-1 and meg-4 for comparison and contrast. Endogenously tagged GFP::FLAG::MEG-1, MEG-3::meGFP, and MEG-4::FLAG are expressed in the -1 to -3 oocytes in the wild-type background [19, 21] . Despite similar for FIMO [43] to scan DLC-1 associated UTRs or all other C. elegans 3 0 UTRs (at P-value < 0.001). The graph plots percentage of genes containing a specific motif as the ratio of observed motif occurrences (with a P < 0.001) against the size of the input library for enriched in 3xFLAG::DLC-1 RIP (black) or control 3 0 UTRs (gray). Differences in motif prevalence between sets of 3 0 UTRs were evaluated by chi-square test; ***P < 0.0001.
protein expression patterns and related function, mRNAs encoding the MEG proteins might be differentially regulated as they have been recovered in association with distinct RNA-binding proteins. meg-1 mRNA was found in complexes with GLD-1, GLD-2, LIN-41, RNP-8, and FBF-1 [16, 19, 24] and its expression is regulated by LIN-41, OMA-1, and OMA-2 [19] . meg-3 mRNA has not been identified in complex with germline RBPs so far, and meg-4 mRNA was recovered with GLD-2 and RNP-8 [16] . All three meg mRNAs are among the DLC-1-associated transcripts. Following depletion of DLC-1 by RNAi, we assessed the expression of MEG proteins in the resulting sterile germlines. Similar to dlc-1(tm3153) mutant, dlc-1 (RNAi) at 24°C resulted in initiation of oocyte differentiation followed by deterioration of gametes and formation of an 'oocyte mass' at the proximal end of the gonad. The expression of GFP::FLAG::MEG-1 was lost in 52% of dlc-1(RNAi) sterile germlines ( Fig. 4A,  C ; n = 39), suggesting that DLC-1 contributes to the activation of GFP::FLAG::MEG-1 expression. A decrease in GFP::FLAG::MEG-1 expression was also observed by western blot (Fig. 4B) . By contrast, in dlc-1(RNAi) background expression of MEG-3::meGFP was expanded in the proximal region of the gonad and extended into the late pachytene region in 51% of germlines ( Fig. 4D,E; n = 49) . Finally, the expression of MEG-4::FLAG was not affected by dlc-1(RNAi) (Fig. 4F,G; n = 35) , although western blot suggested that MEG-4::FLAG post-translational modifications were altered compared to the control (Fig. 4G) . We conclude that DLC-1 might contribute to the function of the proteins activating MEG-1 expression as well as translational repressors of MEG-3.
DLC-1 interacts with OMA-1 in vitro
DLC-1 might facilitate activation of MEG-1 expression by interacting with its regulators. Activation of MEG-1 expression in the oocyte requires the activities of OMA-1, OMA-2, and GLD-2 [19] , and the overlaps between the mRNAs in complex with DLC-1 and GLD-2 and OMA-1 targets were significant. Based on these results, we tested OMA-1, OMA-2, and GLD-2 for direct interaction with DLC-1. GST pulldown assays performed with bacterially expressed proteins indicated that DLC-1 could directly interact with OMA-1, but not with GLD-2 or OMA-2 (Fig. 5A) . Selective interaction of DLC-1 with OMA-1, but not The 2732 RNAs enriched in DLC-1 RIP were compared for overlap with known RBP mRNA targets. No. of overlapped genes is the number of DLC-1 associated RNAs that overlap with the mRNA targets for a specified RBP. Representation and P-values were derived as in Table 3 . a Similar overlap was observed using alternate GLD-1 target mRNA datasets from T. Schedl, personal communication, 19% overlap, P = 7.47E-07 and from [26] , 16% overlap, P = 0.009. OMA-2 was surprising since OMA-1 and OMA-2 are similar (64% identity in the coding sequences) and largely functionally redundant [23] . The absence of detectable interactions between DLC-1 and GLD-2 or OMA-2 in vitro might result from the lack of other cofactors or post-translational modifications that may facilitate DLC-1 binding or indicate that the interactions are indirect. To explore DLC-1/OMA-1 interaction in vivo, we performed FLAG::DLC-1 immunoprecipitation from a strain that was also expressing GFP-tagged OMA-1. We find that OMA-1 did not co-immunoprecipitate with FLAG::DLC-1 (Fig. 5B) suggesting that the protein interaction might be unstable, occurs only in a subset of OMA-1 RNP complexes, or is an artifact of an in vitro experiment. A transient interaction of DLC-1 with OMA-1 provides one possible mechanism for DLC-1 input in RNA regulation during oogenesis.
Discussion
In this study, we report that the LC8 family protein DLC-1 enters multiple RNP complexes that collectively contain thousands of mRNAs. Our findings identify new requirements for DLC-1 in the control of both translational activation and repression during oocyte differentiation (Fig. 6) .
We find that DLC-1 is incorporated in multiple RNP complexes expanding upon our previous results of DLC-1 0 s role in RNA regulation by two C. elegans RBPs, FBF-2 and GLD-1 ( [29] ; Ellenbecker et al., unpublished). The number of DLC-1-associated transcripts (2732) is greater than the typical number recovered with single RBPs, which is 1000-2000. This may suggest that DLC-1 acts as a cofactor for many RNP complexes. The mRNAs associated with DLC-1 are related to development and reproduction as well as neurogenesis, reflecting previously reported sites of DLC-1 expression and function. DLC-1 and other dynein motor components are required for the function of C. elegans ciliated neurons [55] , but a role for DLC-1 in neuronal post-transcriptional gene expression control has not been previously reported. Many DLC-1-associated mRNAs belong to the oogenic transcriptome, which is consistent with DLC-1 expression in germlines undergoing oogenesis in young adult Other DLC-1-associated transcripts such as meg-3 require DLC-1 for their repression. These mRNA targets that also include gld-1, cye-1, and mes-3 are derepressed upon inactivation of DLC-1. DLC-1 associates with these transcripts through translational repressors, denoted 'R'. DLC-1 is required for function of these translational repressors including FBF-2, GLD-1, and likely others. The model does not indicate the actual location of proteins on the transcript nor does it represent all components of regulatory RNP complexes.
nematodes used for sample preparation and with disruption of oogenesis observed in dlc-1 mutant.
Among the recovered mRNAs are previously identified transcripts that require DLC-1 for regulation of their expression in the germline ( [29] ; Ellenbecker et al., unpublished). In addition, we identified new DLC-1 contributions to translational repression at the end of meiotic pachytene and translational activation in the oocytes (Fig. 6) . Loss of DLC-1 causes derepression of MEG-3 in pachytene cells. Since the regulators that affect MEG-3 expression are unknown, we hypothesize that DLC-1 might contribute to the function of additional translational repressors beyond FBF-2 and GLD-1. By contrast, oocyte expression of MEG-1 was lost after dlc-1 knockdown. Activation of MEG-1 expression in the oocytes requires the activities of GLD-2 and OMA-1/ OMA-2 [19] . We found direct interaction of DLC-1 with OMA-1 using an in vitro system, which might be relevant to activation of MEG-1 expression. However, we were unable to detect co-immunoprecipitation of OMA-1 with DLC-1 in vivo, thus the interaction might be transient or only reflect a small subset of OMA-1 regulatory RNP complexes. Alternatively, there is a possibility that the interaction is absent in vivo. Expression of MEG-4, another member of MEG protein family, was not affected by the depletion of DLC-1, although MEG-4 post-translational modifications were altered in the sterile dlc-1 (RNAi) germlines. Further studies are needed to determine whether this differential protein modification is due to disrupted oogenesis or is caused specifically by the absence of DLC-1.
We scanned the 3 0 UTRs of meg-1, meg-3, and meg-4 for the presence of motifs enriched in DLC-1-associated mRNAs and found that each 3 0 UTR contained several instances of the enriched motif shown in Fig. 3B , while meg-1 and meg-4 3 0 UTRs additionally contained the motif shown in Fig. 3C . Therefore, simple presence or absence of these enriched motifs is unlikely to account for differential contribution of DLC-1 to the regulation of meg transcripts. Future experiments will test the importance of these motifs for regulation of meg-1 and meg-3 expression. Diverse contributions of DLC-1 to post-transcriptional control are enabled by its incorporation in a variety of regulatory complexes (Fig. 6 ). Binding to DLC-1 causes structural changes and/or facilitates higher order complex assembly of its partner proteins [32, 56] , likely relevant to DLC-1 function in RNP complexes. Future work will determine DLC-1 0 s contribution to OMA-1 function as well as identify other components of DLC-1-containing RNP complexes.
